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A B S T R A C T   

This paper presents the use of additive manufacturing in the design and fabrication of a non-planar fully 3D- 
printed low-pass filter. The process implements stereolithographic 3D printing and copper electroplating to 
produce the necessary parts and their casing. The filter we produce acts as a demonstrator: we present the 
possibility of constructing building blocks and combining different elements into a full assembly for system 
integration. We introduce the “drop-and-screw” concept, which is implemented to mount the parts into a single 
connectorized assembly without the need for welding. The method we propose may be suitable for building other 
components by simply changing the building blocks. We pay special attention to the design of the constituent 
parts of the filter (a 3D conical inductor and a 3D capacitor), exploring new geometries to reduce the size of the 
final filter prototypes. The results demonstrate the potential of additive manufacturing in the construction of 
high-performance RF components and assemblies, and we present a modular prototype with a high degree of 
reconfigurability and multifunctionality.   

1. Introduction 

There is no doubt that additive manufacturing (AM) is a technolog-
ical revolution [1]. It is not only an innovation, but also an incremental 
advancement in many aspects with respect to traditional manufacturing 
methods. AM is having a huge impact in some sectors such as the 
aerospace, biomedical, automotive, and consumer goods industries [2]. 
The electronics manufacturing field has also been impacted, although 
the influence of 3D printing technology is not as pervasive as in other 
production areas. The current market is relatively small [3] and there 
are still many opportunities and challenges to address [4,5]. For 
instance, it would be possible to achieve increased integration and 
compactness of the electronics. Improvement in designs and perfor-
mance resulting from the 3D implementation of existing components 
and circuits would also be possible; and new components and circuit 
designs that have no planar counterparts could even be introduced. To 
achieve this, it will be necessary to develop new printing materials, 
including low-loss dielectrics and high-conductivity metals, as well as 
the possibility of mixing them. AM has high potential to transform the 
electronics manufacturing industry [5]. 

In the specific area of radiofrequency (RF) components and circuits, 
there is generally not a widespread use of 3D printing. The full potential 

of directly applying AM to produce RF components has been already 
pointed out [6–8]. The AM of passive and active components has been a 
growing focus of research in recent years. Many studies have focused 
mainly on 2D printing methods, such as inkjet printing or roll-to-roll 
printing, to produce capacitors, inductors, transistors, antennas, sen-
sors, and RFID tags, among others [6,9,10]. 

Full-scale 3D printing of electronics is still at an early stage. How-
ever, it is worth noting the studies on 3D printing in the production of 
antennas and electromagnetic (EM) structures [11–15]. Likewise, there 
are also relevant studies in the literature about the use of 3D printing for 
implementing RF and microwave components and circuits [6,16–20], 
including resonators [21], transmission lines [22,23], and even the 
components of a RF Front-End operating at the 2.45 GHz frequency band 
[24]. However, only a few of these studies have taken advantage of a 
fully 3D design to implement RF components and circuits. Some of these 
methods involve multi-layer implementations, where the vertical 
dimension is mainly used for level-to-level interconnection. One main 
challenge is related to the metallization process. Most of the fully 3D 
designs involve total metallization. When the metallization is partial, the 
methodology is much more complex and there are fewer examples of 
this in the literature. Partial metallization can be obtained, for example, 
by using a mask, by selective laser etching or by selective metallization 
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[25,26]. These procedures are quite simple for 2D structures, but more 
complex for fully 3D devices. 

The AM of RF components and circuits can be used to escape from 
planarity and, in some cases, improve performance as well as increase 
the compactness of electronic devices. It gives greater freedom in 
designing and reduces restrictions in manufacturing. Therefore, AM can 
not only be used to build fully 3D components, but it can also provide a 
great opportunity for assembly [27,28]. In this work, we present a 
compact fully 3D printed low-pass filter (LPF), intended to operate in the 
RF frequency band. The filter acts as a demonstrator, presenting the 
possibility of constructing building blocks and combining different ele-
ments into a full assembly for whole system integration. We also intro-
duce the drop-and-screw concept, which is used to mount the parts into 
a single connectorized assembly without the need for welding. The 
proposed method may be suitable to reconfigure the filter by simply 
changing the building blocks. 

Filters are basic building blocks in the design of electronic circuits. In 
the RF and microwave (μW) frequency bands, the design of filters re-
quires the use of high-performance passive components. This represents 
a particular challenge in the case of inductors. Inductor losses, either 
ohmic or magnetically induced, are the main drawback that limits the 
quality factor (Q) [29,30]. The self-resonant frequency (SRF) sets the 
upper limit of the frequency at which the component can function 
properly. The Q of the inductor directly determines the insertion losses 
of the filter it belongs to, while its SRF directly determines the operating 
bandwidth of the filter. In the search for better inductor designs, conical 
geometry has attracted great interest. Conical inductors have a wider 
working bandwidth than inductors with other topologies [31–33]. The 
usual method to manufacture these components is to wind copper wire 
into the form of a cone. The resulting structure constitutes a non-planar 
lumped device. Some examples of conical inductors designed using 
multilayered technologies can be found in the literature [34]. However, 
a fully 3D implementation is required to take full advantage of the po-
tential of these components. It is for this reason that 3D printing tech-
nology is highly suited to the manufacture of high-quality conical 
inductors [20]. 

Regarding the capacitor design, some 3D implementations of metal- 
insulator-metal (MIM) capacitors in silicon substrates have been re-
ported. As stand-alone devices embedded in the substrate or combined 
with through-substrate vias (TSVs), these capacitors can result in a 
significant increase in the capacitance density when compared with 
trench or stacked capacitors [35–37]. 

In this work, we pay special attention to the design of a 3D conical 
inductor and a 3D capacitor, exploring new geometries to compact the 
final filter assembly as much as possible, while maintaining the broad-
band operation of the filter. We also focus our efforts on the design of the 
filter packaging. Custom cases will be designed, and 3D printed to 
arrange the different filter prototypes. The drop-and-screw concept will 
then be used for the final assembly. The whole set presents a modular 
prototype suitable for exchanging components. The aim is to provide a 
high degree of reconfigurability and multifunctionality. The set should 
be customizable, providing flexibility from design to specification. 

2. Methods and modelling 

In this section, we describe the process of the design and optimiza-
tion of the 3D conical inductors and the 3D capacitors used in the filter 
prototypes. We report EM simulations using the finite element method 
(FEM) to optimize the EM behavior of the passive components, and to 
tune the inductance and capacitance values to those required to 
implement a third-order T-type Butterworth LPF [38]. The simulation 
data for the passive components are combined in a circuital simulator to 
obtain a preliminary assessment of the performance of the LPF and to 
compare this with the response of an ideal filter. To design the LPF 
prototypes, we chose an LC-ladder topology. Table 1 summarizes the 
filter specifications. According to the Butterworth formulae [38], the 

target cut- off frequency of 250 MHz can be achieved using inductance 
and capacitance values of 31.8 nH and 25.5 pF, respectively. In the 
following subsections, we describe the different steps in the design and 
fabrication process of the components and packaging. 

2.1. Inductors 

The design, optimization, and the EM analysis, of the conical in-
ductors, were all carried out using EMPro [39]. The design process 
began with the definition of the geometry and constituent materials of 
the conical inductor. The base geometry is a truncated cone, for which 
we made from a photopolymer used in stereolithographic 3D printing. 
We performed EM characterization of the material using the 
resonant-cavity and the coaxial-line methods [40]. The metal parts were 
defined on the surface of the base geometry. A metal spiral rounds 
around the truncated cone and connects two plates at the top and bottom 
of the component. The EM properties of the metal used are those of bulk 
copper. Fig. 1 shows an example of the resulting CAD model of the 3D 
inductor together with the main design parameters. To speed up the 
optimization algorithm, only two geometrical parameters were varied to 
reach the required quasi-static inductance: the cone angle and the 
number of turns in the spiral. The other parameters were fixed (Fig. 1). 

The target value of the inductances L1 = L3 = 31.8 nH, can be ob-
tained using different combinations of α and N. This fact is illustrated in  
Fig. 2. In the figure, the equivalent inductance of a conical inductor 
geometry, derived from FEM simulations, is plotted as a function of the 
cone angle for three values of the number of turns in the spiral. The 
target value of 31.8 nH is also indicated as a horizontal dashed line. The 
intersections of this line with data curves correspond to actual imple-
mentations of the component. For instance, the pairs of α and N equal to: 
(8.9◦, 3), (54◦, 2.5) and (133◦, 2.3) correspond to inductors with the 
desired inductance value. Schematic views of the resulting inductor 
geometries are shown in each case. 

Two design objectives should be met at the same time. First, the 
component must be as compact as possible. Second, the operating 
bandwidth of the inductor must be as large as possible. When concerned 
with compactness, we have to consider the overall size of the compo-
nent, not just its height or the area of its base. Accordingly, to quantify 
the compactness of the conical inductor implementations, we defined a 
figure of merit (FOM) as the volume of the smallest sphere that contains 
the component. Fig. 3, shows the FOM values as a function of α for a set 
of 19 inductors, that includes the three inductors shown in Fig. 2. In all 
the cases, for a given value of the cone angle the number of turns N is 
adjusted so that the inductance is 31.8 nH. It can be observed that the 
most compact designs correspond to small cone angles (i.e., there is a 
minimum for α ≈ 20◦). Moreover, the FOM shows a notable increase 
from α ≈ 60◦ until planar spiral geometry is reached (i.e., α = 180◦). 

Concerning the bandwidth enhancement, measured in terms of the 
SRF, a previous study concluded that this frequency increase from 
α = 0◦ (a solenoid inductor) up to α = 50–60◦, and remains almost un-
changed until α = 180◦ (a planar spiral inductor) [20]. 

Table 1 
Filter characteristics.  
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In accordance with both the foregoing considerations, a trade-off 
between compactness and bandwidth enhancement would be to select 
a cone angle between 50◦ and 60◦. In practice, iterative simulations 
were performed within the defined constrains to reach the required 
inductance (i.e., 31.8 nH). The best match was achieved with: N = 2.5 
and α = 54◦. 

2.2. Capacitors 

The capacitor design starts from a coaxial waveguide segment. The 
initial model is shown in Fig. 4a. The simplest capacitance geometry is 
obtained by connecting the outer conductor of the coaxial waveguide to 
a metal ring that extends perpendicularly, out to a certain radius, ρ. The 
internal conductor is connected to a metal disk, with the same external 
radius as the ring, and separated by a distance, d. The internal dielectric 
material is the same as that used for the inductor model. The electrical 
coupling between the ring and the plate produces the final capacitance. 
To reduce the dimensions of the optimization space, only ρ is varied in 
the optimization algorithm. The length of the coaxial segment and the 
distance between the ring and the plate are fixed to the minimum suit-
able values. These last constrains allow us to achieve the maximum 
capacitance density. The final model (CM1) shown in Fig. 4b is the result 
of combining two equal parts. 

This simple capacitor model led to quite a compact component ge-
ometry if, Δx ≈ ρ. This would be the case when small values of capac-
itance are required. However, if the required capacitance is large, then 
ρ > Δx, and the compactness of the component compared with that of 
the inductors could be a concern. To avoid this drawback, we proposed a 
modified more complex capacitor geometry. Using as our starting point 
the simple geometry, the new version is obtained by bending the edges 
of the vertical ring and circular plate to form a coaxial structure. Fig. 5 
shows the obtained result (CM2). In this case, to obtain the desired 
capacitance, besides the radius, ρ, the length of the edge of the coaxial 
segment, Δt, was also introduced into the optimization process. 

Fig. 1. CAD model of the conical inductor together with the main design parameters.  

Fig. 2. Plot of the equivalent inductance as a function of the cone angle, α, for 
different values of the number of turns, N. The horizontal dashed line indicates 
the target value of 31.8 nH. The inset images correspond to schematic views of 
possible conical inductor implementations. 

Fig. 3. Plot of the compactness FOM as a function of α for a set of inductors. 
The target inductance value is 31.8 nH. 

Fig. 4. Capacitor model CM1: half (a) and complete (b) structure.  
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Simulations were performed for the two capacitator models. In the 
case of CM1, the plate radius, ρ, was adjusted to achieve the target 
capacitance (i.e., 25.5 pF). Iterations were performed and the result was 
a plate radius of 8.8 mm. In the case of the modified capacitor model 
CM2, the plate radius, ρ, was fixed at 7.0 mm, which left enough space to 
accommodate the inductors on both sides. Finally, the length of the edge 
of the coaxial segment, Δt, was adjusted. The target capacitance was 
achieved with Δt = 2.2 mm. We should mention that in both cases (CM1 
and CM2), the central coaxial segment introduces a certain capacitance 
and inductance, which were also taken into consideration in the EM 
simulations. 

2.3. Filter: CAD models 

The CAD models of the LPF prototypes were constructed by 
combining two 3D conical inductors with one of the 3D capacitors. The 
ensembles are shown in Fig. 6. The electrical performance of the LPF1 
and LPF2 prototypes was preliminarily evaluated by circuital simulation 
[41]. The inductors and capacitors were taken as data blocks and the 
response of the CAD models was calculated. The results were compared 
with the reference filter response. Fig. 7 shows a comparison of the LPF 
responses obtained for frequencies up to 2.5 GHz (i.e., ten times the 
cut-off frequency). It can be observed that the expected responses of the 
LPF prototypes are almost the same, only at frequencies greater than 
1.5 GHz are small differences observed. 

In both cases, the expected responses of the LPF models correspond 
to that of the ideal filter up to 400 MHz. From that point on, an increase 
in rejection losses is observed. This can be attributed to the resonances of 
the components. Fig. 7 also shows (blow up) the behaviour near the cut- 
off frequency. 

Both LPF prototypes had expected cut-off frequencies in the range of 
247–248 MHz, which corresponds to an error of about 1% with respect 
to the target value of 250 MHz. Concerning the passband (i.e., up to the 
cut-off frequency), small insertion losses are observed for both filter 
prototypes, which are mainly due to the non-zero resistance of the metal 
parts and the loss tangent of the dielectric material used in the CAD 
model. It should be noted that the seed is not included in the CAD model, 
because most of the electrical current passes through the high- 
conductivity copper layer that is grown on it. Therefore, the effect of 
seed losses can be ignored in comparison with copper losses. Due to its 
length, metal losses are particularly important in the metal spiral of the 
conical inductors. Meanwhile, the dielectric losses are almost indepen-
dent of the operating frequency and are not expected to make an 
important contribution to overall losses of the filter prototypes, which 
are intended to work in the low RF band (i.e., hundreds of MHz). 

2.4. Additive manufacturing 

A detailed description of the manufacturing process of the 

components can be found in [42]. For the sake of completeness, the main 
steps are explained in the following subsections. 

2.4.1. CAD environment 
To fabricate the passive components an initial setup was necessary in 

Fig. 5. Capacitor model CM2: half (a) and complete (b) structure.  

Fig. 6. CAD models of the LPF prototypes with the simple LPF1 (top) and the 
modified LPF2 (bottom) 3D capacitor designs. 

Fig. 7. Comparison of the responses of the LPF prototypes with that of the ideal 
filter. The continuous line corresponds to the ideal filter, the dashed line to the 
LPF prototype with a simple 3D capacitor (LPF1), and the dotted line to the LPF 
prototype with a modified 3D capacitor (LPF2). 
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the CAD environment. Fig. 8 illustrates the whole manufacturing pro-
cess. The first step is performed using the Boolean operators available in 
the CAD environment and consists of subtracting the metal parts from 
the dielectric body, as shown in Fig. 8a and b. In the case of the inductor, 
after this procedure we obtained trenches that correspond with the 
spiral geometry (Fig. 8b). In the case of the capacitor, the procedure 
generated a spool-like geometry, which is simple or with bent edges, 
depending on the model. It should be noted that the metal parts are used 
as a 3D mask to virtually etch the base geometry they sit on. After 
subtracting the metal parts, we coded the resulting structures and sent 
them to the 3D printer. We used a high precision stereolithographic 
printer. Fig. 8c shows the raw structure corresponding to the printed 
conical inductor. 

2.4.2. Copper plating 
The base structures were metallized using electroless copper plating 

and/or copper electroplating. This procedure requires a conductive seed 
layer. Previous studies showed that there is no need for a highly 
conductive seed layer. In fact, the use of conductive filaments based on 
black carbon as seeds for copper electroplating has been reported [43]. 
In our case, after some trials, suitable seeding was achieved using a 
coating based on silver or nickel. In both cases, the seed adhered 
adequately to the base structure and allowed for correct growth of the 
copper layer without exfoliation. An initial coating was created by 
spraying the printed parts all over. This provided a quite uniform seed 
layer, few microns thick, on the constituent parts, including inside the 
vias. Then, we manually polished the silver or nickel off the unwanted 
areas. For the conical inductors, we left the seed in the trenches and on 
the contact surfaces at both sides of the component. For the capacitor, 
the seed was only removed from the edges of the plate (CM1) or from 
both sides (CM2). Finally, the parts where the seed layer remained were 
metallized using electroless copper plating and/or copper electro-
plating. In all cases, a copper sulfate electrolyte was used. The final 
thickness of the copper layer depends on the geometry of the part, the 
temperature (particularly in the case of electroless plating), the current 
density (in electroplating) and the processing time. Usually, at room 
temperature and with a processing time of 1 h, the resulting copper layer 
is in the range from 20 to 40 µm thick and the conductivity is about 107 

S/m. The final conical inductor and capacitors obtained are shown in 
Fig. 8d and Fig. 9. 

2.4.3. Filter mounting: packaging 
To implement the LPF prototypes, a packing case was designed to 

house the components. The casing was printed and metallized using the 
same procedure described in the previous sections. Finally, the opti-
mized inductor and capacitors were aligned inside the casing. It is 
important to note that the metallized parts of the casing provide 
grounding and allow input and output via SMA connectors. As an 
example, the final LPF2 half and full casings are shown in Fig. 10. 

3. Results and discussion 

Considering all the previous steps, all the filter parts were placed and 
interconnected inside the custom case. We used the drop-and-screw 
concept. This means that soldering is not required. Electrical contact is 
achieved thanks to the pressure provided by the connectors. Fig. 11 
shows an image of the final arrangements of both LPF prototypes. The 
final dimensions, without the SMA connectors, are: 23 × 23 × 32 mm3 

for the LPF prototype with the simple 3D capacitor design (LPF1); and 
19 × 19 × 32 mm3 for the LPF prototype with the modified 3D capac-
itor design (LPF2). 

In order to characterize the LPF prototypes, the S-parameters were 
measured from 1 MHz to 2.5 GHz, using a vector network analyser. The 
measured transmission parameter (S21) of the LPF prototypes is shown 
in Fig. 12. The same figure also includes plots of the ideal Butterworth 
filter response, together with the results obtained from our circuital 
simulations. Good agreement can be observed between the experimental 
data, the circuital simulation, and the ideal filter behaviour. The trans-
mission of both LPF prototypes in the stop band is slightly different from 
that of the reference filter. For frequencies up to 1.7 GHz, in the case of 

Fig. 8. Manufacturing process for the conical inductor: (a) base geometry, (b) structure used to fabricate, (c) structure after 3D printing and, (d) finished part.  

Fig. 9. Example of finished parts after copper plating. From left to right: 3D 
simple conical capacitor, and 3D modified capacitor. 

Fig. 10. Example of printed custom half (top) and packing case (bottom).  
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LPF1, and up to 1.8 GHz, in the case of the LPF2, the rejection loss is 
somewhat larger than that of the ideal filter. Above these frequencies, 
degradation of the filter responses is observed, in agreement with the 
expected results obtained from the CAD model simulations. 

The figure also shows the transmission parameter from − 3 to 0 dB, 
for frequencies from 10 MHz to 1 GHz, which allows us to analyse the 
behaviour of the LPF prototypes in the passband. Looking at the inter-
section between the curves and the x-axis, we can determine the actual 
cut-off frequency of the prototypes. For the LPF1 prototype, the cut-off 
frequency obtained this way is equal to 262 MHz, which means an 
error of 4.8% on the target value of 250 MHz. In contrast, in the case of 
the LPF2 prototype the value for the cut-off frequency obtained is equal 
to 253 MHz; an error of 1.2% on the target value. These discrepancies 
must be related to the tolerance of the printing process and variability of 
the EM characteristics related with the printing material. 

As shown in Fig. 12, the behavior in the passband, up to the cut-off 
frequency, is quite similar for both filter prototypes. In both cases, the 
maximum insertion loss at the low frequency limit is 0.1 dB. The 
maximum increase in insertion loss compared with the reference filter is 
0.30 dB for the LPF1 prototype and 0.32 dB for LPF2, across the whole 
passband. Our results indicate that the two filter prototypes have very 
similar performance. According to this, it should be noted that the in-
crease in the compactness of the LPF2 in comparison with LPF1, which is 
related to the use of the modified 3D capacitor, does not worsen the 
performance of the filter. 

4. Conclusions 

In this work, we present the design, optimization, production and EM 
characterization of compact LPF prototypes. Our results demonstrated 
the potential of AM in the implementation of high-performance RF 
components and assemblies. A third order T-type Butterworth filter was 
chosen as the filter topology. The prototypes were designed using 3D 
conical inductors and 3D capacitors. The conical inductors were 
designed considering the compactness of the component and the fre-
quency bandwidth enhancement. A figure of merit was proposed to 
quantify compactness. A trade-off was established between the two re-
quirements, leading to an optimum inductor. Two geometries of 3D 
capacitors were also considered: a simple spool-like geometry and a 
modified geometry with bent edges to increase compactness. EM models 
of two LPF prototypes were constructed by combining two conical in-
ductors and one of the 3D capacitors. As a test of the design process, 
circuital simulations of the filter CAD models were carried out using 
FEM data from the optimized components, and the expected behaviour 
was compared with the reference filter response. Once the design phase 
was complete, the passive components and the cases for filter packaging 
were printed and metallized. Two LPF prototypes were mounted, using a 
drop and screw concept which avoids the need for welding, and then 
tested. LPF1 incorporated the simple 3D capacitor design; LPF2 the 
modified 3D capacitor design. The electrical performance of the fabri-
cated LPF prototypes was in good agreement with the expected 

Fig. 11. LPF prototypes mounted in the 3D printed custom cases that are ready for testing.  

Fig. 12. Results for the transmission parameter of the LPF prototypes (dashed line) together with the CAD model circuital simulations (dotted line). The ideal filter 
response (continuous line) is also included in the plots. 
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frequency response of the filter CAD models, obtained by circuital 
simulations, and with the response of reference filter. 

The results of our EM characterization of the filter prototypes deviate 
less than 5% from the target design specifications in terms of cut-off 
frequency and insertion loss. This validates the whole manufacturing 
process. Finally, it is worth noting that the design of both the filter 
components and the casings allows for reconfigurability, through 
changing the inductors and capacitors for other constituent parts from a 
library of predefined devices; and for multifunctionality, by modifying 
the topology, to implement high-pass filters instead of low-pass filters 
for instance. 
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